Bacteria have shown a remarkable ability to overcome drug therapy if there is a failure to achieve sustained bactericidal concentration or if there is a reduction in activity in situ. The latter can be caused by localized acidity, a phenomenon that can occur as a result of the combined actions of bacterial metabolism and the host immune response. Nanoparticles (NP) have shown promise in treating bacterial infections, but a significant challenge has been to develop antibacterial NPs that may be suitable for systemic administration. Herein we develop drug-encapsulated, pH-responsive, surface chargeswitching poly(D, L-lactic-co-glycolic acid)-b-poly(L-histidine)-b-poly(ethylene glycol) (PLGA-PLH-PEG) nanoparticles for treating bacterial infections. These NP drug carriers are designed to shield nontarget interactions at pH 7.4 but bind avidly to bacteria in acidity, delivering drugs and mitigating in part the loss of drug activity with declining pH. The mechanism involves pH-sensitive NP surface charge-switching, which is achieved by selective protonation of the imidazole groups of PLH at low pH.
advances in selective targeting of bacterial membranes for lysis, 13 improved drug delivery, 14, 15 enhanced drug function, [16] [17] [18] and the potential for selective accumulation at sites of infection due to increased vascular permeability. 19 In particular, designing methods for improving antibiotic targeting and activity in vivo, such as through NP drug carrier design, are important efforts that may: 1) improve treatment outcomes with fewer side effects, 2) reduce the likelihood of drug resistance emerging given that ineffective drug dosing or targeting can lead to the rapid development of drug resistance under inauspicious conditions, 20 and 3) overwhelm drug resistance mechanisms with high sustained local drug concentrations. 3, 21, 22 However, a significant challenge has been designing antibacterial NPs that may be suitable for systemic administration. A common feature of antibacterial NPs developed to date is a strong, relatively pH-insensitive cationic surface charge which, while demonstrating potent bactericidal activity in vitro, 23, 24 is not specific for bacteria and is known in some cases to adversely affect the blood circulation and biodistribution properties of NPs 25 and potentially demonstrating toxicity. 26 Bacteria are highly adaptive organisms that have evolved the ability to thrive in various types of environments. Of these environments, low pH is particularly significant both because of its association with serious infections and its implications for treatment. Certain antibiotics are known to demonstrate significant loss of activity in acidity, 27 and even more troubling, a reduction in localized pH is usually a sequela of worsening disease severity and prognosis -precisely when maximal efficacy is most needed. 28 Bacteria may habitat acidic environments in the body either because acidity is the naturally prevailing condition, such as the stomach (pH 1.0-2.0), intestines (pH 5.0-8.0), vagina (pH 4.0-5.0), bladder (pH 4.5-8.0), and skin (pH 4.0-5.5) 29, 30 or through a combination of bacterial activity and the resulting immune response. Acidity associated with infections occurs through a combination of low 4 oxygen tension triggering anaerobic fermentation in certain bacteria, the products of which are organic acids including lactic, and acetic acids 31 and through inflammation, which is known to exacerbate acidity due to increased levels of acidic products through mechanisms including production of lactic acid during phagocytosis. 32, 33 Together, these factors are associated with reducing the pH of a site of infection as far as pH 5.5. 34, 35 Examples of clinical indications where pH-dependent loss of drug activity may be relevant include pneumonias, especially in cystic fibrosis (CF) patients, 36, 37 abscesses, 34 and H. pylori infections, the major cause of peptic ulcers. 38 Developing systemically available NP drug carriers that can target and improve antibiotic properties in the setting of localized acidity may therefore be a method to improve treatment of these and potentially other infections.
In the present work, we sought to develop a polymeric NP antibiotic carrier that could target the cell walls of bacteria in acidity in order to potentially improve bacterial targeting and antibiotic properties at sites of infections. We chose to target the cell wall because its integrity is vital to bacterial survival, it is the outermost and therefore most accessible layer, and is the site of action of many antibiotics.
Important design criteria to achieve effective cell wall targeting NPs are the following. First, a targeting strategy that applies across a range of bacterial classifications is important, since many serious infections are polymicrobial and acidity is not isolated to one particular type of bacterium. For example, 67% of CF patients test positive for S. aureus (Gram-positive), and 51% with P. aeruginosa (Gramnegative) in their sputum, with co-infection having an additive effect on disease pathology. 39 To achieve this broad NP bacterial targeting, we chose to exploit electrostatic attractions, since many different types of bacteria are known to be negatively charged due to the composition of their cell walls, 40 and this approach has been validated extensively on surfaces, 41 using cationic Eudragit/PLGA 42 or chitosan 23 NPs, as well as by noting that electrostatics, at least partially, underlie the binding mechanism of scores of antimicrobial peptides and cationic peptide-based NPs. 43, 44 Second, selecting an encapsulation strategy that can be used with a diversity of agents is key, as bacterial drug susceptibility is constantly evolving and new agents are continuously being developed. We selected PLGA as the basis for an encapsulation matrix because it offers the advantages of low toxicity, flexibility in terms of drug payload, ease of synthesis, and the ability to fine tune surface properties through NP engineering. 3 In addition, PLGA has been validated as an effective antibiotic-laden implant or microparticle formulation for antibiotics, and, when formulated into NPs, has demonstrated extended 45, 46 and optimized 11 release kinetics or improved efficacy. 18 Third, the potential to achieve infection-specfic targeting through a combination of extended circulation time and low non-specific binding in the blood but avid bacterial binding when located in acidity-associated infections was desirable to improve systemic administration potential. NPs have the potential to target areas of infection due to localized increases in vascular permeability mediated by both the cell-mediated inflammatory response as well as by direct activation of the kinin-kallikrein system by bacterial proteases, though this mechanism has not been deeply investigated in this context. 19 Nevertheless, it is clear that plain PLGA NPs would have a limited ability to exploit this potential targeting mechanism due to their rapid clearance (in seconds to minutes) by the mononuclear phagocytic system. 47 Surface modifying PLGA NPs with PEG is widely known to reduce non-specific interactions, leading to prolonged circulation, but PLGA-PEG NPs alone lack significant bacterial binding ability and therefore would be expected to drain through the (intact) lymphatics at infection sites. We sought to maximize the potential for infection-specfic targeting by minimizing nontarget interactions at physiologic pH 7.4 and by using acidity as a trigger to selectively produce a cationic NP surface for binding. To impart this pH functionality, we incorporated poly-L-histidine, a peptide containing imidazole groups that gain protons under acidic conditions (pKa ~6.0-6.5) into a triblock copolymer structure consisting of poly(D, L-lactic-co-glycolic acid)-b-poly(L-histidine)-bpoly(ethylene glycol) (PLGA-PLH-PEG), which could be formulated into NPs using emulsion/solvent evaporation techniques. Under acidic conditions, the PLH segment would become positively charged, yielding an overall positive zeta potential on the NP surface, facilitating interactions with the negatively charged elements of bacterial cell wall and producing strong multivalent electrostatic-mediated binding.
Finally, it was important to be able to demonstrate efficacy with a clinically significant antibiotic. We 6 chose the glycopeptide antibiotic vancomycin because of its established role in treating serious and life threatening infections, because it loses activity at low pH, because it has a low minimum inhibitory concentration (MIC), and because its targets are components of the cell wall. The results of our studies demonstrate that pH-sensitive, surface charge-switching PLGA-PLH-PEG NPs can be used to bind to bacteria under conditions of acidity. Further, when NPs are used to encapsulate vancomycin, vancomycin demonstrates a higher MIC than free drug but a partial reduction in its loss of activity in acidity as compared to free drug and non-pH sensitive PLGA-PEG delivery systems. This work is a first step towards developing systemically-delivered bacteria-targeting NP drug delivery systems and may have implications for designing improved treatment strategies for various acidity-associated infections.
RESULTS AND DISCUSSION

Design of Surface Charge-Switching PLGA-PLH-PEG NPs. A linear PLGA-PLH-PEG
architecture was selected to provide NP characteristics compatible with extended circulation, chargemediated targeting, and controlled drug release ( Figure 1 ). PLGA was used to form the hydrophobic core and drug depot. To decide how to incorporate the PLH in the NPs, we reasoned that by placing the PLH between the PLGA and PEG blocks to yield the linear structure PLGA-PLH-PEG we could achieve the following: 1) the PLGA segment could form a solid core matrix without having the destabilizing force of PLH at acidic pH, since PLLA-PEG / PLH-PEG mixed micelles have been demonstrated to be effective pH-sensitive triggered-release systems. 48, 49 We wanted to retain the slow release characteristics of intact NPs in order to reduce complexity in processing and use, potentially achieve a larger area-under-the-curve (AUC) at the site of infection, and be able tailor drug-bacterium interactions using NPs. 2) PLH would be preferentially placed near the NP surface as the polymer selfassembled, due to its intrinsic hydrophilicity under typical formulation conditions as well as its close association with the PEG, which would preferentially rise to the surface due to its relative hydrophilicity. This is significant in that it would increase the magnitude of the surface charge switching capability, as the cationic charge of the PLH at acidic pH would be closer to the NP surface. 3) Having the PEG portion at the distal end of the polymer would facilitate NP colloidal stability and circulation time at physiologic pH, as has been reported in the literature. 47 The polymer was synthesized using an block end-grafting strategy (see Materials and Methods).
NP Formulation and pH-Dependent Characterization. Understanding the physicochemical
properties of PLGA-PLH-PEG NPs as a function of pH was key to tailoring NP-bacterium interactions.
To evaluate these properties, we formulated PLGA-PLH-PEG and PLGA-PEG polymers into nanoparticles using a modified double emulsion/solvent evaporation method. 50 The NPs were purified by triple ultrafiltration, resuspended in appropriate pH-buffered PBS solutions ranging from pH 5.5 to Figure 2B ). In addition, transmission electron microscopy (TEM) suggests that the Page 7 of 28 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The increase in binding to both S. aureus and E. coli became very pronounced at pH 6.0 (S. aureus PLGA-PLH-PEG 3.5±0.2; E. coli 5.8±0.1, all N=3) as compared to PLGA-PEG (S. aureus 1.0±0.1; E. coli 1.1±0.1, all N=3) and peaked at pH 5.5. Given that NP residence time at a site of infection may be limited, we wished to determine how quickly NPs bound to bacteria under acidic conditions. We performed a kinetic study of PLGA-PLH-PEG NPs to both types of bacteria at pH 6.0, selecting incubation time points between 10 min and 4 hours and measuring bacteria-associated fluorescence using flow cytometry. We observed rapid saturation of fluorescence, with ~80% of maximal binding occurring within 10 minutes for both E. coli ( Figure 3C ) and S. aureus ( Figure 3D ). This binding kinetics data suggests that even a relatively short residence time at an acidic site of infection might be sufficient to enable binding to bacteria using PLGA-PLH-PEG NPs. To provide visual confirmation of PLGA-PLH-PEG NP binding to bacteria, we used fluorescence confocal microscopy. PLGA-PLH-PEG NP-488 were freshly prepared, purified, and resuspended in pH 6.0 or pH 7.4 PBS solutions. S. aureus Page 8 of 28 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 bacteria were prepared as before and inoculated into the PLGA-PLH-PEG NP-488-containing solutions.
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We selected S. aureus as a model bacterium for the confocal studies due to our observation of the slightly more positive but still anionic charge of these bacteria as compared to E. coli, which would therefore yield a more conservative confirmation of our flow cytometry-based results. The NP-488/bacteria suspension was placed in an incubated shaker at 37°C for 30 min to allow NP-488 binding to bacteria. After washing unbound NP-488s by centrifugation with repeated PBS pH 7.4 buffer washes, bacteria were stained using BacLight TM Red, a commercially available small molecule that binds to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 NP formulated vancomycin (PLGA-PLH-PEG[Vanco]), PLGA-PEG NP formulated vancomycin (PLGA-PEG[Vanco]), and free vancomycin were determined using the microplate dilution method at pH 6.0 or pH 7.4 ( Figure 5 ). The minimum bactericidal concentrations were determined semiquantitatively by subculturing to antibiotic-free TSB agar plates. For the NP formulations of vancomycin, the vancomycin concentration is reported as the total concentration of vancomycin in the NP at the beginning of treatment. Vancomycin is released from the NP at a steady rate over a 50 hour period (see SI), which is consistent with many studies of drug release from NPs. We reasoned that the initial vancomycin concentration inside the NPs was both the most conservative and useful measure of NP antibiotic formulation efficacy. The results show ( Figure 5 , Table 1 ) that at pH 7.4, free vancomycin is the most potent formulation of the drug (MIC 1.2±0.6 ug/mL, MBC 3.1 ug/mL, N=3), but that this is strongly pH sensitive. At pH 6.0, free vancomycin loses potency by a factor of 2.0, consistent with other observations 27 (Figure 5 ). PLGA-PEG NP vancomycin formulations required higher initial vancomycin concentration than free drug to achieve antibacterial effects at physiologic pH 7.4 (MIC 6.0±0.7 ug/mL, MBC 20. ug/mL, N=4), and similarly demonstrated significant pH sensitive loss in activity by a factor of 2.3 (MIC 14.2±1.9 ug/mL, MBC 40. ug/mL, N=4). As expected, PLGA-PLH-PEG NP formulations of vancomycin behaved similar to PLGA-PEG NP formulations at pH 7.4 (MIC 6.8±2.1 ug/mL, MBC 20. ug/mL, N=4, p=0.54) but had significantly improved activity at pH 6.0, demonstrating less loss in activity with pH, by a factor of 1.3 (MIC 8.6±0.5 ug/mL, MBC 20. ug/mL, N=4, p < 0.05) ( Figure 5 ).
Further, this suggests that promoting NP-bacterium interactions under acidic conditions, such as was demonstrated, can partially mitigate the loss of activity with pH, further highlighting the potential of this delivery system for treating infections associated with localized acidity. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 PLGA-PLH-PEG [Vanco] 6.0 250 20 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 potentially improving the binding specificity for bacterial cell walls as compared to pH-insensitive cationc NPs delivered systemically, still use non-specific charge-charge interactions to mediate binding locally at the site of infection. Sites of infection are populated with negatively charged tissue cells, which will not only compete with the bacteria for the positively charged NPs, but also have the ability to internalize and sequester the NPs, preventing them from interacting with the bacteria. Therefore, exploring to what extent competition between bacteria and tissue cells at a site of infection for the charged NPs affects both bacterial targeting and antibiotic delivery will be important. Future studies should also: 1) compare the efficacy of antibiotics delivered using these groups in vivo, 2) investigate methods of improving the potency of NP-vancomycin formulations, and 3) explore the growth inhibition potential in Gram-negative infections. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 primary emulsion was sonicated into 2 mL 10% w/v NaCl solution to form the W/O/W double emulsion, diluted into 8 mL 5% w/v NaCl, and solvent allowed to evaporate for 4 hours prior to purification using ultrafiltration. To form green fluorescent NPs, Alexa-488-modified PLGA was blended into the organic phase at 15% w/w total polymer and no salt or vancomycin were used in the emulsion process. were cultured in LB broth (BD# 244620). Colonies were streaked on an LB-agar plate, selected, inoculated into 5 mL of growth medium and allowed to grow overnight in an incubated shaker at 37°C.
MATERIALS AND METHODS
Polymer
Drug Encapsulation and Release
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Briefly, S. aureus from overnight cultures were inoculated into 5 mL TSB and allowed to enter log phase (OD 600 ~0.3) after approximately 2 hours of incubation. NPs (PLGA-PLH 30 Statistics All data are expressed as mean ± SD. Differences between groups were assessed using oneway ANOVA (comparisons of vancomycin formulation efficacy were performed on MIC data only).
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